Abstract. The development of rhizobial inoculants requires the selection of isolates that are symbiotically efficient as well as adapted to the local environmental conditions. Our aim was to find indigenous chickpea rhizobia tolerant to adverse environmental conditions, such as temperature and pH. Thirteen isolates of chickpea mesorhizobia from southern Portugal were examined. Tolerance to stress temperatures and pH was evaluated by quantification of bacterial growth at 20-37°C and pH 5-9, respectively. Tolerance to heat shocks was studied by submitting isolates to 46°C and 60°C. Sodium dodecyl sulfatepolyacrylamide gel electrophoresis protein analysis revealed qualitative and quantitative differences when isolates were submitted to temperature stress. A 60-kDa protein was overproduced by all isolates under heat stress. Almost all isolates revealed to be more tolerant to 20°C than to 37°C. A positive correlation was found between the maximum growth pH and the isolate origin soil pH. Generally, isolates more tolerant to temperature stress showed a lower symbiotic efficiency.
Rhizobia are soil bacteria able to infect the roots of leguminous plants, promoting the formation of nitrogenfixing nodules. The symbiosis between rhizobia and legumes is the most important biological mechanism for providing nitrogen to the soil/plant system, thus reducing the need of plant crops for chemical fertilizers [6, 45] . Nitrogen fixation depends on the physiological state of the host plant [45] and on the effectiveness and environmental fitness of the microsymbiont [39] , as well as on the interaction between the two partners. For example, chickpea (Cicer arietinum L.) is a successful legume on alkaline soils [35] , whereas the symbiosis between rhizobia and chickpea is better adapted to acidity [12, 38] .
Several important steps in the symbiosis process, like nodule formation and nitrogen fixation, are affected by stress conditions, which might be considered limiting factors [45] . Incubation of cultures at high temperatures often results in loss of nodulation properties and nitrogen-fixation ability in Sinorhizobium meliloti and Rhizobium trifolii [41, 46] . Studies with cowpea nodules show that nitrogenase activity was not affected with increasing temperature from 15°C to 35°C, but decreased severely at temperatures above 38°C [34] .
pH stress also limits nodulation and nitrogen fixation [9] . Soil acidity constrains symbiotic nitrogen fixation, limiting rhizobial survival and persistence in soils and affecting the exchange of molecular signals between rhizobia and their host, thus reducing nodulation [10, 13] . However, when either the microsymbiont or the host plant is acid tolerant, nodulation and plant development are similar to that achieved when both symbiotic partners are acid tolerant [42] .
The heat shock response consists in the cellÕs adaptation to a temperature increase, characterized by an overproduction of a set of proteins, termed heat shock proteins (HSPs), which are important to survival during stress conditions [24, 25, 27, 28, 32] . Among these are molecular chaperones [14] that play an important role in protein folding [7] . The chaperonins, ring-shaped chaperones, such as Hsp60 [7] , have an essential function in promoting protein folding under stress conditions [11] . Several studies have focused on HSPs found in rhizobia [23, 44, 45] , but none have been reported on chickpea rhizobia.
Previous studies indicate a correlation between strain performance under in vitro stress in pure culture and strain behavior under stress conditions [15] . Thus, in vitro evaluation of strains under stress might be a useful method in finding rhizobial isolates adapted to different environments, where extreme temperatures and pH limit symbiotic nitrogen fixation.
In the present study, the effect of stress temperatures and pH was evaluated on indigenous chickpea mesorhizobia from different regions in southern Portugal: Beja, Elvas-Casas Velhas (CV), Elvas-EstaÅ¼o Nacional de Melhoramento de Plantas (ENMP), Évora, and Setfflbal. As far as we know, this is the first report on the analysis of protein profiles from chickpea rhizobia, submitted to temperature stress.
Materials and Methods
Bacterial isolates. Twelve rhizobial isolates were previously obtained from Beja, Elvas-CV, Elvas-ENMP, and Évora soils [18, 19] . The isolate from Setfflbal soil was obtained from root nodules of chickpea trap plants, as described by Vincent [43] . All sampling sites are located within a region of about 100 km 2 in the South of Portugal [20] . The isolates used in this study and soil pH of their origin site are listed in Table 1 . The indigenous rhizobia isolates used in this study were identified as Mesorhizobium by 16S rDNA sequence analysis [20] . Isolates were maintained in tryptone yeast (TY) [1] agar slants at 4°C and in TY broth containing 20% (v/v) glycerol at -80°C. The Mesorhizobium mediterraneum-type strain UPM-Ca36
T was used as reference [31] .
Effect of temperature and pH stress on rhizobia growth. Tolerance of isolates to heat and cold stress was evaluated by quantification of bacterial growth (optical density at 540 nm) in liquid Yeast Extract Mannitol (YEM) medium [43] at temperatures of 37°C and 20°C, respectively, after 48 h (stationary phase). Tolerance of isolates to extreme pH values was evaluated simultaneously in medium with pH of 5 and 9. The control conditions were considered to be 28°C and pH 7 [2] .
Effect of heat shocks on rhizobia growth. Tolerance to heat shock was evaluated by quantification of bacterial growth, after a shock at 60°C for 15 min or 46°C for 3 h, followed by 48 h growth, at 28°C, pH 7.
Analysis of protein patterns. Changes in the protein patterns induced by temperature stress and heat shocks were detected by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis [17] of total cell proteins. Cell treatment and electrophoresis were done as described by Laranjo et al. [20] .
Statistical analysis. In order to compare tolerance of different isolates to distinct conditions, the optical density obtained for each isolate after 48 h at 28°C, pH 7 was considered as 100% growth. Data represent the average of three replicates per treatment. Spearman correlations were performed.
Results and Discussion
As expected for rhizobia [39] , most isolates grew better at 28°C. However, isolates 92-Évora, 98-Évora, and EE-29-ENMP showed their maximum growth at conditions different from the control (28°C, pH 7) (Fig. 1) . Isolate 98-Évora revealed a maximum growth at 20°C, an unexpected result because the optimal temperature range described for rhizobial growth is 25-30°C [39] . The maximum temperature for growth of chickpea rhizobia is reported to be 40°C, both for M. ciceri and M. mediterraneum [30, 31] . Contrary to these results, Maâtallah et al. [21, 22] described a maximum temperature range of 30-35°C for chickpea rhizobia.
Isolates grew more efficiently at 20°C than at 37°C, except isolates 78-Elvas and 83-Elvas, which were more tolerant to 37°C. Isolate EE-13-ENMP was the most tolerant to both temperature stresses (20°C and 37°C), showing about 90% growth at 20°C, pH 7, and about 60% growth at 37°C, pH 7 ( Fig. 1) .
No significant correlation was found between tolerance of isolates to heat stress and the maximum air temperature of their origin site (Table 1) . However, the isolates most tolerant to 37°C (78-Elvas, 83-Elvas and EE-13-ENMP) were from the two regions with the highest maximum air temperature (Elvas-CV and Elvas-ENMP).
Analysis of tolerance to heat shocks revealed that several isolates endure the 60°C shock better than the 46°C shock (Fig. 2) . These isolates include 78-Elvas, EE-12-ENMP, and EE-13-ENMP, EE-12-ENMP being the most tolerant one, with 63% growth compared to the control. Other isolates, such as 92-Évora, 98-Évora, and EE-29-ENMP, are more resistant to the 46°C shock, particularly 98-Évora. The strain Ca36 T and isolates ST-2-Setfflbal, 27-Beja, 83-Elvas and 85-Elvas revealed a low tolerance to heat shock, as their growth was reduced to 2-14%.
Relative to the heat shock at 60°C, isolates from Elvas-ENMP were the most resistant ones. This result suggests a relationship between isolate tolerance to heat shocks and the maximum air temperature of its geographical origin (Table 1) . No relationship was found between tolerance to high-temperature stress and tolerance to heat shocks. For instance, isolate EE-12-ENMP is resistant to heat shocks, but grows poorly at 37°C (20% growth). On the other hand, isolate 78-Elvas was tolerant at 37°C (90% growth), but sensitive to heat shocks.
Generally, isolates found to be more tolerant to temperature stress showed lower symbiotic efficiencies [19] . The isolate EE-13-ENMP, which showed tolerance to 37°C, has a low symbiotic efficiency (25.3%) [19] . On the other hand, isolate 27-Beja, with a higher symbiotic efficiency (33.9%) [19] , revealed a low tolerance to 37°C and to heat shocks. Similarly, La Favre and Eaglesham [16] were unable to find a clear correlation between a strainÕs capacity to grow at high incubation temperatures and its ability to nodulate under hightemperature stress. However, Munevar and Wollum [26] found a correlation between the ability of a rhizobial isolate to nodulate and its capacity to grow at high incubation temperatures.
Although the optimal pH range described for rhizobial growth is 6-7 [39] , some isolates showed a higher growth in medium with pH values different from 7. For instance, with isolate 92-Évora, maximum growth was obtained at pH 5, and isolate EE-29-ENMP showed maximum growth at pH 9. Furthermore, some isolates showed changes in the preferential pH of culture medium with the temperature. For example, at 28°C, isolates 27-Beja and 31-Beja grew more at pH 7, but at 20°C, the growth rate was higher at pH 9.
Our isolatesÕ pH range tolerance is in agreement with Nour et al. [29] , in which chickpea-infective strains are more tolerant than rhizobia in general, with a pH tolerance range of 4.5-10. However, other authors report a pH range of 5-8 [21, 22] . A positive correlation (r = 0.5; P < 0.01) was depicted between maximum growth pH and the origin soil pH of isolates (Table 1) . Isolates from Beja, Elvas-ENMP, and Setfflbal (alkaline soils) showed major growth at neutral or alkaline pH. On the other hand, isolates from Elvas-CV and Évora (acid soils) revealed higher growth at pH 5 or 7. Although Priefer and co-workers [33] mentioned the absence of correlation between bean rhizobia tolerance to different Fig. 1 . Growth of chickpea rhizobia from five locations of Portugal (Beja, Elvas-CV, Elvas-ENMP, Évora, and Setfflbal) submitted to different conditions of temperature and pH.
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pH values and the origin soil pH, our results are in agreement with two previous reports on tree rhizobia [15, 40] . Based on the results concerning the effect of temperature stress on rhizobial growth, six isolates were chosen for SDS-PAGE analysis of the protein profiles generated at different growth temperatures, namely strain Ca36
T and isolates 27-Beja, 85-Elvas, 98-Évora, EE-12-ENMP, and ST-2-Setfflbal. SDS-PAGE analysis of isolates generated reproducible protein profiles.
Qualitative and quantitative differences in the protein patterns of isolates were detected after growth at 20°C and 37°C, when compared with the control conditions (28°C) (Fig. 3) . However, the detected changes are distinct, depending on the isolate and growth conditions.
In different isolates, proteins with the same molecular weight were overproduced under stress temperature. For example, isolates 98-Évora, EE-12-ENMP, Fig. 2 . Growth of chickpea rhizobia submitted to heat shock. Fig. 3 . Analysis by SDS-PAGE of protein patterns of isolates 98-Évora, EE-12-ENMP (A), and isolates 27-Beja, ST-2-Setfflbal, UPM-Ca36 T , and 85-Elvas (B) grown under normal conditions (28°C) and under thermal stress (20°C and 37°C). Proteins mentioned in Table 2 are marked with an arrow.
and ST-2-Setfflbal revealed the simultaneous overproduction of four proteins (67, 60, 57, and 24 kDa) when submitted to 37°C (Table 2) . Furthermore, overproduction of proteins with the same molecular weight (such as 60, 34, or 32 kDa) was observed with some isolates grown at both stress temperatures (20°C and 37°C), which supports their important cellular functions.
Several isolates revealed proteins that were only detected after submitting the isolates to temperature stress ( Table 2 ). For instance, with isolate 27-Beja, proteins of 53 kDa and 85 kDa were detected only after growth at 20°C. After growth at 37°C, isolate EE-12-ENMP showed a 75-kDa protein. It is possible that the proteins detected only after the growth at 20°C or 37°C were synthesised de novo, suggesting their importance in the survival and growth of rhizobia in stress conditions. High tolerance to temperature stress (20°C or 37°C) was not apparently related with the number of overproduced proteins. For example, at 20°C, isolate 27-Beja revealed the overproduction of 10 proteins, whereas with Ca36 T , only 2 proteins were overproduced. However, under those conditions, the growth of isolate 27-Beja was 38%, whereas growth of strain Ca36
T was 65%. Studies with arctic and temperate isolates of rhizobia isolated from Astragalus and Oxytropis revealed that several HSPs were induced when cells were shifted from their optimal growth temperature to shock temperatures [3] .
The molecular weight values of the proteins that were overproduced after the growth at 37°C were different from the values reported in other studies with rhizobia [3, 23, 44] . Previous studies [44] revealed that rhizobia isolates isolated from Acacia senegal and Prosopis chilensis submitted to temperature stress promoted the production of a protein of 65 kDa. Our results show that a protein of 60 kDa was overproduced in all indigenous isolates at 37°C and in isolates 27-Beja and 85-Elvas at 20°C. Cloutier et al. [3] detected the overproduction of a protein with a similar molecular weight (59.5 kDa) for all heat shock treatments tested (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) .4°C), which apparently did not confer a greater tolerance to temperature stress. Our results lead to similar conclusion, because isolates showed different tolerances to 37°C, in spite of the presence of the 60-kDa protein in all of them ( Table 2) .
The molecular weight value of the protein detected in the present study (60 kDa) as well as the observation that it is overproduced upon stress conditions might suggest its identification as the heat shock protein GroEL [37] . This protein is involved in nif gene regulation in Bradyrhizobium japonicum [4] and Klebsiella pneumoniae [8] . It is also required as a chaperonin for the assembly of a functional nitrogenase [5, 8, 36] , at least in Bradyrhizobium japonicum.
With heat shocks, SDS-PAGE analysis did not reveal any new bands. Isolates revealed only slight differences in the protein patterns by comparison with the control conditions (data not shown); a few proteins were overexpressed or underexpressed in some isolates, agreeing with other studies with temperate and arctic rhizobia [3] . Isolate 27-Beja showed a decrease in the expression of a 43-kDa protein after the shocks of 46°C and 60°C. Isolate ST-2-Setfflbal revealed a small increase in the synthesis of a 70-kDa protein after the 60°C shock and the absence of a 85-kDa protein after the 46°C shock.
The development of rhizobial inoculants requires the selection of isolates that are symbiotically efficient and tolerant to adverse environmental conditions. Here, we report the analysis of tolerance to temperature and pH stress of Portuguese mesorhizobia isolates able to nodulate chickpea. The analysis of total protein profiles after temperature stress showed significant differences in the protein patterns, and further characterisation of the overproduced proteins might help to clarify the mechanisms involved in stress tolerance. Literature Cited
